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ABSTRACT 
A design and assembly sequence analysis  was conducted on one option of 
the Dual Keel Space Stat ion examined by a NASA C r i t i c a l  Evaluation Task 
Force t o  e s t a b l i s h  v i a b i l i t y  of several var ia t ions  of t h a t  option. 
of the study was t o  produce and analyze technical da t a  t o  support Task Force 
decisions t o  e i t h e r  examine par t icu lar  Option 3 var ia t ions  i n  more depth or  
el imi nate them from fu r the r  consideration. 
Launch Vehicle i n  conjunction w i t h  the Space Transportation System (STS) can 
acce le ra t e  the b u i l d u p  o f  the Stat ion and ease the STS launch r a t e  
cons t ra in t .  The study a l so  showed t h a t  use of an Orbi ta l  Maneuvering 
Vehicle on the  f i r s t  f l i g h t  can s ign i f i can t ly  benefi t  S ta t ion  assembly and, 
by performing Sta t ion  subsystem functions,  can a l l e v i a t e  the need f o r  
operational control and reboost systems d u r i n g  the ea r ly  f l i gh t s .  
s t a b i l i t y  and control , orb i t a l  l i f e t ime ,  and reboost propellant requirements 
fo r  each sequence, and analyzed node-packaging options and the  effects of 
keel removal on the s t ruc tu ra l  dynamics of the Stat ion.  Results of these 
analyses a r e  presented and discussed. 
A goal 
An ana lys i s  of the phasing assembly showed t h a t  use of an Expendable 
In addition t o  launch and assembly sequencing, the study assessed 
I N TRODUC TI ON 
Recently, a C r i t i c a l  Evaluation Task Force ( C E T F ) ,  composed of NASA- 
wide personnel, internat ional  representat ives ,  and cont rac tors ,  was formed 
a t  the NASA Langley Research Center t o  examine the current  configurat ion,  
design, and assembly sequences for  the Dual Keel Space S ta t ion  
(Reference 1) .  
Transportation System (STS) a v a i l a b i l i t y ,  lony extravehicular a c t i v i t y  ( E V A )  
hours estimated t o  assemble and maintain the Space S ta t ion ,  and ea r ly  
productive use of the Stat ion.  
Task Force wds organized in to  seven major areas representing: 
1. Trdnspor ta t ion  
2. EVA 
3.  Users 
4. Confiyuration Inteyrat ion 
5. Resources 
6. Safety 
7.  cos t  
The e f f o r t s  were i n  response t o  concerns over Space 
To address and respond t o  these i ssues ,  the 
T h e  CETF developed, dnalyzed, and evaluated three  basic  Dual Keel Space 
S ta t ion  options.  There a re  numerous var ia t ions w i t h i n  each option as i s  
shown i n  Table 1. Option 1 is  a constrained hardware option. I t  uses only 
hardware baselined fo r  the I n i t i a l  Operational Capabi l i ty  (IOC) Dual Keel 
Reference Configuration (Reference l ) ,  b u t  the assembly sequences a r e  
rephased. Option 2 focuses pr inc ipa l ly  on a reevaluation of the Polar 
Platform. Opt ion  3 incorporates some new or redesiyned hardware elements 
( s ign i f i can t ly  enlarged connecting nodes t o  accommodate maintenance- 
intensive hardware). 
As par t  of the CETF study, the Spacecraft Analysis Branch (SAB) a t  LaRC 
provided t imely modeling and ana lys i s  support t o  the Configuration 
Integrat ion Group t o  e s t ab l i sh  the v i a b i l i t y  of several  var ia t ions i n  
1 
I Option 3 .  
to eliminate that variation from further consideration. This paper 
documents the technical data that were produced during this portion o f  the 
CETF study. 
One goal was to produce technical data to support Task Force 
I decisions to either examine a particular Option 3 varidtion in more depth or 
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SYMBOLS AND ABBREVIATIONS 
Area 
Band 
Controller and Monitor 
Drag Coefficient 
Communications and Tracking 
Crew Emergency Rescue Vehicle 
Critical Evaluation Task Force 
Control Moment Gyro 
Ddta Management System 
Modul us of El asti ci ty 
Environmental Control dnd Life Support Systems 
Bending Stiffness 
Expendable Launch Vehicle 
Electric Power System 
European Space Agency 
Eastern Test Range 
Extravehicular Activity 
Fluid Management and Distribution 
Flight Support Equipment 
Torsional Stiffness 
Guiddnce, Ndvigation and Control 
Habitability Module 
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Heat Re jec t ion  and Transfer 
Moment o f  I n e r t i a  
I n i t i a l  Operat ional  C a p a b i l i t y  
Japanese Experiment Model 
Langley Research Center 
Lewis Research Center 
Mass 
B a l l i s t i c  C o e f f i c i e n t  
Mu1 t i  p l  exer - Demul t i  p l  exer 
Manned Spacef l igh t  Center 
Marshal l  Space F l i g h t  Center 
Mass Storage U n i t  
Network I n t e r f a c e  U n i t  
O r b i t a l  Maneuvering Vehic le  
P la t fo rm F1 i g h t  
Payload I n t e r f a c e  Adaptor 
Power Management and D i s t r i b u t i o n  
Permanent Manned Capabi 1 i ty 
Photovol t a  i c 
React ion Contro l  System 
Remote Manipulator System 
Spacecrdf t  Analys is  Branch 
Solar  Dynami c 
S t a t i o n  I n t e r f a c e  Adaptor 
Structures/Mechanisms 
Space S t a t i o n  Remote Manipulator System 










Thermal Contro l  Systems 
Western Test Range 
Center o f  Mass i n  x - d i r e c t i o n  
Center o f  Mass i n  y - d i r e c t i o n  
Center o f  Mass i n  z - d i r e c t i o n  
Ro ta t i on  about x-ax is  
Ro ta t i on  about y-ax is  
Ro ta t i on  about z -ax i s  
DESCRIPTION OF THE STUDY 
Opt ion 3 d i f f e r s  f rom Opt ion 1 ( T a b l e  l ) ,  i n  t h a t  Opt ion 3 inc ludes new 
o r  redesigned hardware elements (enlarged nodes) t h a t  a r e  not  used i n  
Opt ion 1. Twenty-eight STS f l i g h t s  are requ i red  i n  Opt ion 3 t o  complete the 
assembly of t he  Space S t a t i o n  117 dssembly, 1 l a b  module o u t f i t t i n g ,  and 10 
l o g i s t i c s  f l i g h t s ) .  
p l a t f o r m  f l i g h t s  i n  the manifest ,  a re  n o t  inc luded.  
a v a i l a b i l i t y ,  i t  i s  e s s e n t i a l  t h a t  the number o f  STS f l i g h t s  be reduced t o  
shorten the s t a t i o n  assembly t ime. Opt ion 38 uses expendable launch 
veh ic les  (ELVIS) and o r b i t a l  manuevering veh ic les  (OMV's) i n  a d d i t i o n  t o  the 
STS t o  reduce the number o f  STS launches t o  23 dnd thereby s i g n i f i c a n t l y  
shortens assembly t i m e .  
The study inc ludes evaluat ions o f  the f o l l o w i n g  r e l a t i v e  t o  t h e  Task 
Force needs: 
1) Basic changes i n  the S t a t i o n  c o n f i g u r a t i o n  r e s u l t i n g  from 
v a r i a t i o n s  i n  Opt ion 3 d u r i n g  the assembly inc luded us ing l a r g e r  nodes f o r  
i n te rconnec t ing  the  modules and postponing the  assembly o f  t he  keel  
s t r u c t u r e  assembly t o  a l a t e r  f l i g h t  than t h a t  manifested f o r  t h e  Dual Keel 
Reference Con f igu ra t i on  ( f l i g h t  12).  The de fe r red  keel  assembly necess i ta ted 
r e l o c a t i o n  o f  payloads, experiments, and a mod i f i ed  s e r v i c i n g  f a c i l i t y  from 
the keel t o  the  t ransverse boom. 
sequences f o r  t h i s  v a r i a t i o n  have been examined and compared t o  the  basel ine 
sequence. 
reboost  s t r a t e g i e s )  have been reexamined t o  accommdate launches w i t h  
pay1 odds having 1 aryer mdsses . 
Packaging op t i ons  f o r  the l a r g e r  nodes have been examined t o  
minimize space, t o  reduce crew EVA t ime (by launching nodes conf igured w i t h  
equipment), and t o  provide a more h a b i t a b l e  environment f o r  the crew (by 
r e l o c a t i n g  no isy  equipment from the HAB module t o  the nodes). 
4 )  The impact o f  removal of the keel s t r u c t u r e  o f  t he  Dual Keel Space 
S t a t i o n  ( r e s u l t i n g  i n  r e l o c a t i n g  payloads from the keel t o  the t ransverse 
boom) on i t s  s t r u c t u r d l  dynamic c h a r a c t e r i s t i c s  using both t h e  5-meter bay 
Four f l i g h t s ,  which a r e  i d e n t i f i e d  as experimental 
With t h e  l i m i t e d  STS 
Four d i f f e r e n t  launch and assembly 
2)  For the  Opt ion 3 v a r i a t i o n s ,  o r b i t a l  assembly a l t i t u d e s  ( i n c l u d i n g  
3 )  
erec tab le  and the 9-foot bay deployable trusses has been analyzed. Potent ia l  
in te rac t ions  w i t h  the  on-board control system hdve been examined. 
ASSEMBLY PHASING ANALYSIS 
The f i v e  launch/assembly sequences t h a t  have been examined i n  the  study 
1. Sequence 1 (basel ine,  CETF designation Option 3 )  
2. Sequence 2 (CETF designation Option 38, Version 1) 
3. Sequence 3 (CETF desiynation Option 3B, Version 3 )  
4. Sequence 4 (CETF designation Option 38, Version X )  
5. Sequence 5 (CETF designation Option 3A) 
The sequences use both d i f f e ren t  assembly phasing and d i f f e r e n t  modes 
f o r  placing the payloads in  space. The modes a r e  combinations of STS and 
Titan 4 ( E L V )  launches. The goals a re  t o  provide an e a r l i e r  man-tended and 
permanently manned S ta t ion ,  ear ly  phyload dnd/or servicing accommodations, 
and a reduction i n  crew EVA time fo r  assembly and maintenance. 
f i r s t  seven f l i g h t s  of each sequence were examined because f l i g h t s  beyond 
f l i g h t  7 a r e  approximately the same for  a l l  sequences. 
sequence 2,  only the f i r s t  three f l i g h t s  were examined s ince  assembly 
payloads a r e  ident ica l  t o  sequence 1. Figure 1 shows the  f l i g h t  t imetable 
for  a l l  f i v e  sequences through f l i g h t  8 along w i t h  the  o r b i t  inser t ion  and 
rendezvous a l t i t u d e s  of each f l i g h t .  The assembly phasing (launch manifest)  
f o r  a l l  5 sequences i s  given i n  Table 2. Launch manifests including 
payload descr ip t ion  (components and masses) a r e  given i n  Appendix A f o r  
sequences 2 through 5. Figures i l l u s t r a t i n g  the configuration fo r  each 
assembly phase of sequences 2 through 5 dre given in Appendix B. 
a r e  designated as  follows: 
Only the 
However, f o r  
Sequence 1 (Baseline,  CETF designation Option 3 )  
The basel ine sequence u t i l i z e s  only the STS f o r  del ivery of Space 
Stat ion hardware t o  o r b i t .  
includes 28 STS f l i g h t s  t o  complete tne assembly of the Space S ta t ion .  The 
4 experimental platform f l i g h t s  t h a t  are no t  i nvo lved  i n  t h e  assembly 
process dre  not l i s t e d .  
comparisons w i t h  o ther  sequences in this  study. Assembly time fo r  the  
revised basel ine sequence is  approximately 18 months through f l i g h t  7 
(assuming 3 months between f l i g h t s )  and 81 months f o r  complete assembly of 
the S ta t ion .  
Table 2 ( a )  yives the sequence 1 manifest which 
Modification of the baseline sequence allows d i r e c t  
Sequence 2 (CETF designation Option 38, Version 1) 
Differences in the ldunchlassembly phdsiny for  sequences 1 and 2 a re  
l e s s  t h d n  f o r  other sequences (Tables 2 ( a )  and ( b ) ) .  Whereas sequence 1 
uses only STS f l i g h t s  fo r  assembly, sequence 2 uses an ELV f o r  the f i r s t  
f l i g h t .  The assembly scenario cons is t s  of a f l i g h t  1 ( E L V )  launch date  t h a t  
is  approximately one week pr ior  to  f l i g h t  2 (STS).  
payloads from f l i g h t s  1 and 2 occurs a t  an a l t i t u d e  of 220 n m i .  F l i g h t  3 
occurs approximately three months l a t e r .  After dssembly of payloads from 
f l i g h t s  1 through 3 ,  the remaining launch and assembly sequences a r e  
ident ica l  t o  sequence 1. The time required f o r  assembly of sequence 2 
throum f l i g h t  7 is approximately 15 months. 
A rendezvous of the 
5 
Sequence 3 (CETF designation Option 38, Version 3)  
Sequence 3 (Table 2 ( c ) )  o f f e r s  additional capab i l i t i e s  t h a t  a r e  not 
offered by e i t h e r  sequence 1 or sequence 2 .  
phased servicing f a c i l i t y ,  where some servicing c a p a b i l i t i e s  a r e  brought up 
on e a r l i e r  f l i g h t s ,  and the use of an O M V ,  allowing f o r  lower rendezvous 
a l t i t u d e s  and t h u s  higher pdyload-launched mass by the  STS and ELV. The STS 
i s  used f o r  launching the f i r s t  three f l i gh t s  t o  the assembly o r b i t .  
Fl ight  1 manifests a f u l l y  loaded OMV t o  provide reboost of each assembly 
sequence t o  a designated a l t i t u d e .  
s i x t h  f l i g h t s .  The ea r ly  servicing f a c i l i t y  is  launched on STS f l i g h t  3. 
In comparison, sequence 1 (Table 2 ( a ) )  has servicing capab i l i t i e s  a f t e r  
f l i g h t  16. The sequence 3 Sta t ion  is  man-tended a f t e r  f l i g h t  5 and 
permanently manned a f t e r  f l i g h t  7 .  In con t r a s t ,  the  sequence 1 Stat ion is 
man-tended a f t e r  f l i g h t  5 and permanently mdnned a f t e r  f l i g h t  9. 
The launch scenario cons is t s  of an ELV launch approximately one week 
pr ior  t o  the fourth STS launch. A t  th i s  time, the  ELV payload, STS, and 
p d r t i a l l y  assembled Stat ion rendezvous a t  a designated a l t i t u d e .  The 
specif ied rendezvous a l t i t u d e  f o r  t h i s  sequence is 150 n m i .  STS launches 
proceed every three  months the rea f t e r .  
coinciding w i t h  these STS launches, the p a r t i a l l y  assembled Stat ion is 
transferred by the  OMV up t o  an a l t i t u d e  such t h a t  the Sta t ion  o r b i t  wil l  
decay down t o  the 150-nmi rendezvous p o i n t  a t  t h e  end o f  t h e  nominal 90-day 
period. 
through f l i g h t  7 i s  achieved by u s i n y  ELV f l i gh t s .  
operational Stat ion i s  assembled i n  a shor te r  time t h a n  f o r  sequences 1 
and 2. 
These capab i l i t i e s  are  an ear ly  
ELV launches are used f o r  the fourth and 
To a r r i v e  a t  the rendezvous a l t i t u d e  
A reduction i n  time of approximately 6 months t o  assemble the Stat ion 
Therefore, a f u l l y  
- Sequence 4 (CETF designation Option 3B, Version X )  
The launch/assembly sequence f o r  sequence 4 (Table 2 ( d ) )  i s  a var ia t ion 
Sequence 4, hwever ,  incorporates an additional of sequence 2 (Table 2 ( b ) ) .  
ELV launch ( f l i g h t  5 )  and the  use of an OMV. The f i r s t  launch ( f l i g h t  1 1 ,  
an ELV launch, d i f f e r s  from sequence 2 by the addition of the  "smart" 
section of tne OMV instead of the non-operational control moment gyro (CMG) 
package manifested fo r  sequence 2. This "smart" sec t ion  provides a t t i  tude 
s t a b i l i z a t i o n  control when the payload is released from the Titan.  A n  e a r ly  
servicing f a c i l i t y  is launched i n  f l i g h t  3 ,  and the S ta t ion  i s  permanently 
manned a f t e r  f l i g h t  7 ( a s  i s  the  case for  sequence 3 ) .  
scheduled one week pr ior  t o  STS launches. The rendezvous a l t i t u d e ,  however, 
i s  var iab le ,  a departure from the rendezvous operation plan proposed f o r  the 
two previous sequences. 
150 n m i ,  f l i g h t s  5 and 6 have an a l t i t u d e  of 170 n m i ,  and f l i g h t  7 is a t  180 
nmi .  
lower a l t i t u d e s  and provide a safety f ac to r  t o  account f o r  o r b i t a l  decay a t  
the higher a l t i t u d e s .  
p a r t i a l l y  assembled Sta t ion  i s  reboosted ( u s i n g  the OMV system brought up on 
f l i gh t s  1 and 2 )  t o  an a l t i t u d e  equal t o  the  rendezvous d l t i t u d e  plus 90 
days (as  i s  the case fo r  sequence 3 ) .  
Again, the use of a mixed launch f l e e t  (ELV and STS) reduces the time 
needed t o  assemble the Stat ion through f l i g h t  7 by 6 months. 
The launch scenario,  again,  cons is t s  of ELV launches which a r e  
F l i g h t s  1 through 4 have a rendezvous a l t i t u d e  of 
The var iab le  a l t i t u d e s  allow la rger  payloads t o  be launched a t  t he  
To meet the rendezvous a l t i t u d e  requirement, the 
Because two 
ELV f l i g h t s  a r e  used i n  sequences 3 and 4,  the time t o  f l i g h t  7 fo r  
sequences 3 and 4 i s  ident ica l  (12 months). 
Sequence 5 (CETF designation, Option 3A) 
Sequence 5 (Table 21e))  u t i l i z e s  only the STS as  a launch vehicle  but  
includes the use of an OMV. The use of the OMV makes this sequence 
d i f f e r e n t  from sequence 1 (Table 2 ( a ) ) .  Many other  advantages present i n  
the  other  sequences are a lso contained i n  this sequence, namely ea r ly  phased 
serv ic ing ,  var iab le  rendezvous a l t i t u d e s  t o  allow f o r  heavier payloads, and 
incorporation of the OMV. However, because the STS i s  the only launch 
vehicle  used, the time required t o  reach the  configuration a f t e r  f l i g h t  7 
(18 months) i s  the same as  f o r  sequence 1. Total time of assembly f o r  the 
sequence 5 S ta t ion  is  81 months. 
lower rendezvous a l t i t u d e s .  
150 n m i ,  and the remaining f l i g h t s  a r e  launched t o  190 n m i .  The higher 
a l t i t u d e  is  used a f t e r  the second f l i g h t  t o  provide some margin of sa fe ty  
fo r  o r b i t a l  decay. 
The rendezvous a l t i t u d e s  vary t o  allow f o r  heavy launch payloads i n  the  
Fl ights  1 and 2 a r e  launched t o  an a l t i t u d e  of 
STABILITY AND CONTROL ANALYSIS 
For each assembly sequence examined, an assessment of the rigid-body 
s t a b i l i t y  and control requirements has been performed us ing  a rigid-body 
control dynamics analysis  program. 
subsystems i n  the o rb i t a l  calculat ion (Reference 2 ) .  For consistency 
between ca lcu la t ions ,  the geometric center of the  f u l l y  assembled t ransverse 
boom has been used as  t h e  o r ig in  fo r  each assembly sequence. The i n i t i a l  
a t t i t u d e  of the Sta t ion  is such t h a t  the X-axis i s  directed along the f l i g h t  
path, the  Z-axis i s  Nadir pointing, and the Y-axis is perpendicular t o  the  
o r b i t  plane. 
from the  i n i t i a l  a t t i t u d e  t o  the  f l i g h t  o r ien ta t ion  a t t i t u d e  associated w i t h  
each f l i g h t .  
Based on the mass and area properties of each f l i g h t  con f igu ra t ion ,  the 
environmental forces  and torques ac t ing  on the S ta t ion  are  determined and 
resolved in to  angular momentum requirements fo r  a t t i t u d e  control .  For each 
f l i g h t ,  the control assessment has been performed a t  the rendezvous p l u s  90 
days a l t i t u d e  us ing  the  2 sigma Jacchia atmospheric model of Reference 3. 
Figure 2 i l l u s t r a t e s  the densi ty  var ia t ions of this atmospheric model. 
This program incorporates a r t i c u l a t i n g  
The a t t i t u d e  angles presented a r e  the Euler angle ro ta t ions  
Sequence 2 (CETF designation Option 36, Version 1 )  
Sequence 2 d i f fe red  from sequence 1 i n  only the  f i r s t  three f l i g h t s ,  a s  
can be seen from the f l i g h t  manifest (Table 2 ) .  Therefore, unlike the other 
sequences examined, comparisons between sequences 1 and 2 need only be made 
through f l i g h t  3. A sumnary o f  mass and i n e r t i a  propert ies  of the Sta t ion  
f o r  sequence 2 is given i n  Table 3.  The center-of-mass dis tances  a r e  
measured from the or ig in  of the S ta t ion  (geometric center  of f u l l y  assembled 
t ransverse boom). The f i r s t  f l i g h t ,  an ELV launch, i s  presented t o  
i l l u s t r a t e  the s t a b i l i t y  cha rac t e r i s t i c s  of the payload. 
f l i g h t  1 payload a f t e r  i t  is placed in to  o r b i t  is a major concern because 
this payload does not have an a t t i t u d e  control system t o  provide s t a b i l i t y .  
S t a b i l i t y  of the 
7 
An examination o f  t h e  i n e r t i a  p roper t i es  shows t h a t  t h e  payload w i l l  be 
s t a b l e  i f  i t  i s  f l own  i n  a g rav i t y -g rad ien t  o r i e n t a t i o n .  However, because 
re lease from t h e  T i t a n  app l i es  a measure o f  t i p - o f f  r a t e  t o  the payload, t h e  
i n i t i a l  re lease may produce l a r g e  payload o s c i l l a t i o n s  i n i t i a l l y  i n  s p i t e  of 
the inherent  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  payload. The r e s u l t s  obta ined 
from the  ana lys i s  of t h i s  ELV launch have been assumed t o  approximate a l l  
ELV launches used t o  assemble the  Sta t ion .  
o s c i l l a t i o n s  was a l l e v i a t e d  i n  sequence 4 by i n c l u d i n g  an a t t i t u d e  
s t a b i l i z a t i o n  and c o n t r o l  system (prov ided by t h e  "smart" sec t i on  o f  t h e  
OMV)  i n  f l i g h t  1. 
The a t t i t u d e  c o n t r o l  requirements f o r  f l i g h t s  2 and 3 a re  shown i n  
Table 4. 
d i r e c t e d  a long the  Nadi r  dnd w i t h  the  payload from f l i g h t  1 nearest  t o  t h e  
Ear th.  
se ts  o f  values f o r  t h e  c o n t r o l  requirements and t h e  a t t i t u d e  Eu ler  angles 
f o r  f l i g h t  3 are g iven i n  Table 4. The f i r s t  s e t  of requirements r e s u l t s  
when t h e  maximum 5-degree a t t i t u d e  l i m i t  i s  reached (a l though t h i s  could be 
re laxed d u r i n g  t h e  e a r l y  assembly f l i g h t s ) .  The o the r  s e t  ( i n  parentheses) 
r e s u l t s  when t h e  S t a t i o n  i s  f u l l y  trimmed t o  reduce the  secular  angular 
momentum bui ldup.  
exceed t h e  5-degree l i m i t .  The !%degree l i m i t  does n o t  produce a l a r g e  
increase i n  t h e  peak angular momentum; however, i t  does produce an increase 
i n  the  secu la r  angular momentum, r e q u i r i n y  d more f requent  desa tu ra t i on  o f  
t h e  c o n t r o l  moment gyros (CMG's). 
The concern about l a r g e  payload 
The o r i e n t a t i o n  f o r  f l i g h t  2 was trimmed w i t h  t h e  t ransverse boom 
Two F l i g h t  3 was f lown i n  the  standard trimmed f l i g h t  o r i e n t a t i o n .  
The Eu ler  angles f o r  the  l a t t e r  case, however, g r e a t l y  
Sequence 3 (CETF des ignat ion  Opt ion dB, Version 3 )  
The mass and i n e r t i a  p roper t i es  o f  t h e  S t a t i o n  f o r  assembly sequence 3 
a re  shown i n  Table 5. Analyses have been performed o n l y  f o r  f l i g h t s  i n  
which the  a d d i t i o n  o f  payloads t o  the  S t a t i o n  r e s u l t s  i n  a d i f f e r e n t  S t a t i o n  
con f igu ra t i on .  For exdmple, f l i g h t  4 ELV launch i s  a t tached t o  t h e  S t a t i o n  
concurrent w i t h  t h e  STS f l i g h t  ti payload. Therefore,  o n l y  the  con f igu ra t i on  
a f t e r  f l i g h t  5, the  S t a t i o n  con f igu ra t i on  a f t e r  the  attachment o f  payloads 
from f l i g h t s  4 and 5, i s  analyzed. One noteworthy r e s u l t  produced f rom t h e  
ana lys is  was a s i g n i f i c a n t  decrease i n  t h e  moment o f  i n e r t i a  about t h e  Z- 
a x i s  between f l i y h t s  2 and 3 .  
OMV from t h e  end o f  the  t ransverse boom near the  pho tovo l ta i c  module i n  
f l i g h t  2 t o  the  center  o f  the  t ransverse boom i n  f l i g h t  3 .  This  r e l o c a t i o n  
produced lower g rav i t y -g rad ien t  torques f o r  t h e  f l i g h t  3 con f igu ra t i on .  
shown i n  Table 6; Two o r i e n t a t i o n s  were used f o r  f l i g h t s  1 and 2. I n  the  
f i r s t  o r i e n t d t i o n ,  an "arrow" o r i e n t d t i o n ,  the  t ransverse boom i s  p a r a l l e l  
t o  t h e  f l i g h t  path.  
d i r e c t e d  toward t h e  Nadi r .  
a t t i  tude angles 4 (x ) ,  e ( y ) ,  and $(z)  (90 p lus  Eu ler  angles) as shown i n  
Table 6. The numbers i n  parentheses i n  Table 6 a r e  the  angles a t  which the  
S t a t i o n  i s  trimmed t o  min imize t h e  secular  momentum bui ldup.  A t r i m  angle 
r e s t r i c t e d  t o  values o f  5 degrees o r  l e s s  was used f o r  a l l  remaining 
f l i g h t s .  The r e s u l t s  show t h a t  t h e  S t a t i o n  con f igu ra t i on  a f t e r  f l i g h t s  1 
and 2 i s  a l i gned  i n  a Nad i r -po in t i ng  Or ien ta t i on  r e s u l t i n g  i n  a subs tan t i a l  
decrease i n  t h e  angular momentum c o n t r o l  requirements. The c o n t r o l  
requirements f o r  f l i g h t s  3 and 5 are dominated by the  secular  momentum 
bui ldup.  The bu i l dup  i s  due t o  the  5-degree r e s t r i c t i o n  on t h e  t r i m  angle, 
Th is  decrease i s  due t o  the  r e l o c a t i o n  o f  t h e  
The c o n t r o l  requirements f o r  assembly sequence 3 o f  t h e  S t a t i o n  a re  
I n  the second o r i e n t a t i o n ,  t h e  t ransverse boom i s  
Both o r i e n t a t i o n s  d r e  i l l u s t r a t e d  by t h e  
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resulting i n  an i n a b i l i t y  t o  reduce the secular  momentun t o  des i r ab le  
leve ls .  The ca lcu la t ion  of the number of C M G ' s  required fo r  f l i g h t s  3 and 5 
is based upon the assumption t h a t  desaturat ion occurs approximately every 
o r b i t .  The maximum number of equivalent Skylab CMG's t h a t  a r e  required f o r  
f l i g h t  7 is four.  
Sequence 4 (CETF designation Option 38, Version X )  
servicing f a c i l i t y ,  the use of an OMV,  and an ELV launch as  the  f i r s t  
launch. The p o s s i b i l i t y  of tumbling of the f l i g h t  1 payload from t ip-off  
r a t e s  imparted when the payload is released from the Titan has been 
a l l ev ia t ed  by including an a t t i t u d e  control system (provided by the  OMV)  i n  
f l i g h t  1. The o ther  s ign i f i can t  change from other  sequences is  the removal 
of the OMV a f t e r  f l i g h t  5 fo r  servicing.  The mdss and i n e r t i a  propert ies  
fo r  the  f l i g h t s  i n  sequence 4 are  shown i n  Table 7. 
d i f f e r  s i g n i f i c a n t l y  from values for  other sequences. 
The control requirements f o r  sequence 4 are  s imi la r  t o  those f o r  
sequence 3 .  These results a re  shown i n  Table 8. 
sequences 2 and 3 ,  two sets of data  a r e  a lso given fo r  this sequence, one 
for  the  5-degree a t t i t u d e  l imited case and one fo r  the f u l l y  trimmed case 
( i n  paren thes is ) .  
d i rec t ion  of the Nadir (which is  i l l u s t r a t e d  by the a t t i t u d e  angles,  90 p lus  
Euler angles ) ;  the control requirements fo r  this f l i g h t  a r e  very small. For 
f l i g h t s  3 through 6 ,  the  very large trim angles produce an a t t i t u d e  angle 
which exceeds the  5-degree a t t i t u d e  l imi t .  For the  5-degree l imited cases,  
the peak angular momentum i s  equal t o  the  secular angular momentum, 
resu l t ing  i n  l a rger  torque control requirements than the f u l l y  trimmed case 
and more frequent desaturat ion of the CMG's. 
T h i s  sequence is  s imi la r  t o  sequence 3 i n  t h a t  i t  a l so  has an ea r ly  
The propert ies  do not 
Following the r e s u l t s  f o r  
For f l i g h t  2 ,  the t ransverse boom is aligned i n  the 
Seauence 5 (CETF desianation Option 3A) 
F l i g h t s  4 through 6 a r e  very s imilar  i n  sequences 3 and 5. Therefore, 
only f l i g h t s  1, 2 ,  3 ,  and 7 were examined i n  d e t a i l  t o  expedite the  
ana lys i s .  The mass and i n e r t i a  propert ies  of the Stat ion f o r  sequence 5 a re  
presented i n  Table 9 and include information f o r  a l l  f l i g h t s .  T h e  most 
noteworthy c h a r a c t e r i s t i c  o f  these d a t a  i s ,  again,  the decrease i n  the Y 
moment of i n e r t i a  because of the relocat ion of the OMV t o  the or igin of the 
S ta t ion .  
The control requirements f o r  f l i g h t s  i n  sequence 5 a re  shown i n  
Table 10. The f i r s t  two f l i g h t s  have a trimmed o r i en ta t ion  w i t h  the 
t ransverse boom pointing i n  the d i rec t ion  of the Nadir. The or ien ta t ion  for  
the  remaining f l i g h t s  is f u l l y  trimmed about each ax i s  t o  reduce secular  
momentum b u i l d u p .  These trim angles d i d  not,  however, exceed the 5-degree 
limit. The equipment fo r  f l i g h t s  1 and 2 does not include C M G ' s ;  f o r  this 
reason, a determination of the number of CMG's required f o r  a t t i t u d e  control 
is not appropriate.  Att i tude control for  these two f l i g h t s  is provided by 
the OMV. The l a r g e s t  control requirements occur for  f l i g h t  7; however, they 
a r e  approximately one-half as large as the control requirements f o r  f l i g h t  7 
of sequence 3 .  T h i s  reduction i s  due t o  d smaller servicing capab i l i t y  
manifested f o r  sequence 5. 
3 
ORBITAL LIFETIME AND REBOOST PROPELLANT ANALYSIS 
The technique descr ibed i n  Reference 4 was used t o  c a l c u l a t e  Space 
S t a t i o n  o r b i t a l  l i f e t i m e s  f o r  each f l i g h t  i n  assembly sequences 2 through 5. 
The s p e c i f i c  b a l l i s t i c  c o e f f i c i e n t  (mass/(drag c o e f f i c i e n t  x a rea ) )  and 
ac tua l  launch date f o r  each f l i g h t  were used i n  t h e  c a l c u l a t i o n s .  
Atmospheric d e n s i t y  p r o f i l e s  f o r  drag c a l c u l a t i o n s  were obtained from t h e  2 
sigma Jacchia model (Reference 3 ) .  The o r b i t a l  l i f e t i m e  data inc lude t h e  
launch date,  rendezvous a l t i t u d e ,  the t ime t o  decay from various a l t i t u d e s  
(220 and 180 nmi) t o  t h e  rendezvous a l t i t u d e ,  t h e  remaining o r b i t a l  l i f e t i m e  
i n  the  absence o f  reboost ,  and the a l t i t u d e  which c o n s t i t u t e s  the  rendezvous 
p lus  90-day decay a l t i t u d e .  The rendezvous a l t i t u d e  shown i n  the  t a b l e s  f o r  
a given f l i g h t  corresponds t o  the a l t i t u d e  requ i red  t o  rendezvous the  
S t a t i o n  w i t h  the  subsequent launch. 
Sequence 2 (CETF des igna t ion  Opt ion 38, Version 1) 
The o r b i t a l  l i f e t i m e  c h a r a c t e r i s t i c s  fo r  the second and t h i r d  f l i g h t s  
2 2 o f  sequence 2 r e s u l t e d  i n  b a l l i s t i c  c o e f f i c i e n t s  o f  72 kg/m and 18 kg/m 
r e s p e c t i v e l y .  The rendezvous a l t i t u d e  f o r  the f l i g h t s  i s  220 nmi. 
Therefore, based upon a three-month separat ion between launch dates (which 
r e s u l t s  i n  d i f f e r e n t  atmospheric d e n s i t y  p r o f i l e s  for  each launch) ,  t he  
f l i g h t s  have o r b i t a l  l i f e t i m e s  ( w i t h o u t  any o rb i t - keep ing  opera t i ons )  o f  132 
and 38 days, r e s p e c t i v e l y .  U n l i k e  t h e  o the r  sequences, t h e  S t a t i o n  i s  no t  
boosted t o  higher a l t i t u d e s  i n  t h i s  sequence and then al lowed t o  decay. 
Therefore, an a c t i v e  o rb i t - keep ing  p ropu ls ion  system i s  mandatory f o r  t h i s  
as s em b l  y se q ue n ce . 
Sequence 3 (CETF des ignat ion Opt ion 38,  Version 3 )  
Table 11 gives the  o r b i t a l  decay i n fo rma t ion  f o r  each f l i g h t  (except 
ELV f l i g h t s  4 and 6 )  i n  sequence 3 .  The b a l l i s t i c  c o e f f i c i e n t s  fo r  f l i g h t s  
1 and 2 are l d r g e  because the p ro jec ted  drag area f o r  each f l i g h t  i s  smal l .  
The small area i s  due t o  t h e  f l i g h t  o r i e n t a t i o n  and the  o r i e n t a t i o n  o f  t he  
s o l a r  a r rays  and r a d i a t o r s  t o  provide minimum drag area. The remaining 
f l i g h t s  have a reduced b a l l i s t i c  c o e f f i c i e n t  because o f  t he  need f o r  s o l a r  
t r a c k i n g  o f  the s o l a r  ar rays and a n t i - s o l a r  t r a c k i n g  o f  t h e  r a d i a t o r  t o  
prov ide the necessary power and heat r e j e c t i o n  f o r  the s t a t i o n .  The need 
f o r  t r a c k i n g  r e s u l t e d  i n  l a r g e r  p ro jec ted  areas f o r  t h e  assembly sequences. 
I n  comparing the o r b i t a l  l i f e t i m e s  between f l i g h t s ,  the l i f e t i m e s  d i d  n o t  
necessa r i l y  decrease w i t h  decreasing b a l l i s t i c  c o e f f i c i e n t .  For example, 
f l i g h t  1 has a s h o r t e r  l i f e t i m e  than f l i g h t  7, even though t h e  b a l l i s t i c  
c o e f f i c i e n t  o f  f l i @ t  1 i s  l a r g e r  than t h a t  o f  f l i g h t  7. 
decrease i n  atmospheric dens i t y  a t  the launch date o f  t he  l a t e r  f l i g h t  when 
compared t o  t h e  d e n s i t y  f o r  t he  e a r l i e r  f l i g h t .  Therefore,  comparison o f  
b a l l i s t i c  c o e f f i c i e n t s ,  i n  and o f  i t s e l f ,  i s  n o t  enough f o r  e v a l u a t i o n  of 
o r b i t a l  l i f e t i m e  performance o f  t he  var ious f l i g h t s .  The rendezvous 
a l t i t u d e  f o r  each f l i g h t  i s  shown i n  Table 11 and i s  150 nmi f o r  a l l  
f 1 i ghts . 
This  i s  due t o  a 
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Sequence 4 (CETF designat ion Opt ion 38, Version X )  
The o r b i t a l  l i f e t i m e  parameters f o r  sequence 4 (except ELV f l i g h t s  1 
and 5) are given i n  Table 12. As was the case w i t h  sequence 3 ,  f l i g h t  2 has 
a l a r g e  b a l l i s t i c  c o e f f i c i e n t  because o f  t he  m in im iza t i on  o f  p ro jec ted  area. 
The need f o r  p w e r  and heat r e j e c t i o n  g r e a t l y  reduced t h e  b a l l i s t i c  
c o e f f i c i e n t s  o f  subsequent f l i g h t s .  The areas shown f o r  f l i g h t s  3-7 d i d  no t  
change because once the s o l a r  arrays and r a d i a t o r  were f u l l y  deployed and 
opera t i ona l ,  they dominated t h e  drag areas o f  each f l i g h t .  
Sequence 5 (CETF des igna t ion  Opt ion 3A) 
r e s u l t s  f o r  t h i s  sequence fol lowed the  t r e n d  s e t  i n  sequences 3 and 4, wi th  
l a r g e  b a l l i s t i c  c o e f f i c i e n t s  through f l i g h t  2 and l a r y e  p r o j e c t e d  areas f o r  
t he  remain ing f l i g h t s .  
Table 13 g ives t h e  o r b i t a l  l i f e t i m e  parameters f o r  sequence 5. The 
REBOOST PROPELLANT REQUIREMENTS ANALYSIS 
Generic O r b i t a l  L i f e t i m e  P r o f i l e s  
O r b i t a l  l i f e t i m e s  o f  the Space S t a t i o n  have been es tab l i shed  f o r  
var ious b a l l i s t i c  c o e f f i c i e n t s ,  i n i t i a l  a l t i t u d e s ,  and two atmospheric 
d e n s i t y  models and a re  presented i n  Appendix C. 
20, 50, and 100 kg/m were used t o  bracket t he  expected range f o r  t h e  
S t a t i o n  assembly sequences f o r  qu ick i n t e r p o l a t i o n s  and l i f e t i m e  est imates.  
I n i t i a l  a l t i t u d e s  o f  150, 190, 220, and 250 nmi have been usea. These 
a l t i t u d e s  span the  expected range o f  poss ib le  a l t i t u d e s  a t  which the  Space 
S t a t i o n  w i l l  operate. F i n a l l y ,  two atmospheric models, a nominal and a 2- 
sigma atmosphere, were used t o  cover the poss ib le  atmospheric d e n s i t y  
v a r i a t i o n s .  A l l  r e s u l t s  have been p l o t t e d  f o r  t h e  i n i t i a l  launch date o f  
January 15, 1993. 
Reboost Propel1 an t  Requirements 
The p r o p e l l a n t  requirements have been ca l cu la ted  us ing the  mass o f  t he  
S t a t i o n  c o n f i g u r a t i o n ,  the rendezvous d l t i t u d e  f o r  the nex t  payload f l i g h t  
(190 nmi), and t h e  90-day decay plus rendezvous reboost a l t i t u d e  requ i red  
f o r  t he  p a r t i a l l y  assembled S t a t i o n  (which i s  a f u n c t i o n  o f  t he  S t a t i o n ' s  
b a l l i s t i c  c o e f f i c i e n t  and the  atmospheric dens i t y  v a r i a t i o n  based on the  
date o f  reboos t ) .  F igu re  3 shows the p r o p e l l a n t  requirement f o r  on-schedule 
launches (on 90-day cycles) as wel l  as the p r o p e l l a n t  requ i red  f o r  missed 
launches (on 180-day cyc les ) .  The reboost a l t i t u d e s  t o  prov iae f o r  decay t o  
the rendezvous a l t i t u d e  i n  90 days are g iven i n  the lower p a r t  o f  the 
f i gu re .  These curves were generated us ing  the 2 sigma atmospheric d e n s i t y  
p r o f i l e  est imated f o r  January 15, 1993 from the gener ic p r o f i l e s  f o r  o r b i t a l  
l i f e t i m e  found i n  Appendix C. 
subsequent r e f l i g h t s ,  t he  actual  reboost a l t i t u d e s  and p r o p e l l a n t  mass 
B a l l i s t i c  c o e f f i c i e n t s  o f  
2 
The reboost p r o p e l l a n t  requirements f o r  Opt ion 3 a re  shown i n  F igure 3. 
Because the d e n s i t y  does decrease f o r  
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requirements i n  the l a t e r  assembly phase w i l l  be s i g n i f i c a n t l y  lower than 
shown. 
NODES PACKAGING ANALYSIS 
Rationale for  Moving External and Habi tabi l i ty  ( H A B )  Module Equipment t o  
Pressurized Nodes 
The reason for  moving the external equipment in to  a pressurized node is 
t o  reduce the EVA time required t o  i n s t a l l  and repair  the equipment. The  
advantages of moviny the ECLSS equipment from the HAB module t o  the node a r e  
as follows: 1) t o  provide more privacy f o r  the crew, 2)  t o  provide more 
l i v i n g  space for  the  crew, 3 )  t o  remove inherently noisy equipnent from the 
crew quarters ,  4 )  to  r e t a i n  crew waste col lect ion and processing equipment 
i n  one locat ion,  and 5) t o  keep objectionable odors away from the l i v i n g  
quarters  . 
Nodes and Racks Confiqurations 
Of  t h e  four  nodes used i n  the IOC S t a t i o n ,  3 and 4 have been considered 
f o r  packaging. 
as shown i n  Figure 4. 
the analysis .  
Figures 5 and 6 ,  respectively.  The 10.2 cm ( 4 - i n . )  space on the bdck and 
the 15.2 cm (6- in . )  space on the side of the rack a re  reserved f o r  wi r ing ,  
e tc .  The ava i lab le  volume of the rack is 1.69 m (59.8 cu. f t . )  b u t  a f t e r  
removing the volume required for  wir ing ,  the ava i lab le  volume o f  the rack is 
reduced t o  approximately 1.37 m Equipment  considered for  
packaging i n t o  the nodes includes portions of the external and water 
recovery management equi went and a l l  the waste management equi pnent. Only 
volumes and not actual dimensions of the equipment have been used i n  the 
analysis .  
These nodes are  n o t  connected t o  any international modules 
A nodal diameter of 3.66 m (12 f t . )  has been used i n  
T h e  nodes and equipment rack configurations a r e  shown i n  
3 
3 (49 cu. f t . ) .  
Candidate Externdl Equipment  
The l i s t  o f  candidate external equipment for  re locat ion into the 
pressurized volume is  shown i n  Table 14. Weights, volumes, volumes 
including packayiny, and power requirements for  the following equipment are  
given: communications and tracking ( C & T ) ;  data management system (OMS); 
f l u i d  management and d is t r ibu t ion  (FMAD); guidance, navigation and control 
( G N & C ) ;  heat re ject ion and t ransport  ( H R & T ) ;  e l e c t r i c  power system (EPS) ;  
and structure/mechanism ( S / M ) .  The volumes including packaging have been 
derived by d i v i d i n g  the volume obtained from a McDonnell Douglas study 
(Reference 5 )  by a fac tor  of 0.6. By consensus, the CETF determined tha t  a 
scal ing fac tor  of 0.6 was appropriate because the equipment density used i n  
the  McDonnell Douglas s t u d y  was too h i g h .  A density on the order of 322 
ky/m’ (20  1b/cu. f t . )  is more appropriate. 
a r b i t r a r i l y  selected by the CETF for  use i n  th is  analysis.  
Therefore, a fac tor  o f  0.6 was 
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External Equipment Moved t o  Node 3 
The packaging of the external equipment in to  node 3 is shown i n  Table 
15. A l l  candidate external equipment can be packaged into node 3, and only 
three of four racks a re  used. Rack 1 contains C&T and GN&C f o r  a t o t a l  
volume of 1.36 m (48  cu. f t . ) ,  rack 2 contains DMS and S/M f o r  a t o t a l  
volume of 1.34 m3 (47.4 cu. f t . ) ,  and rack 3 includes FMAD, HR&T, and EPS 
3 for  a t o t a l  volume of 1.07 m (37.6 cu. f t .  1. 
3 
Candidate HAB Module Equipment 
The l i s t  of the candidate H A B  module equipment t h a t  can be moved t o  the  
nodes is shown i n  Table 16. The equipment weights, volumes, and power 
requirements a re  based upon a six-person crew. The volumes, which include 
15% for  packaging (volume of equipment + 15%),  were obtained from the NASA 
Marshall Space F l i g h t  Center (MSFC). Later,  MSFC indicated t h a t  the 15% 
equipment packaging volume used is not adequate. 
(Reference 6 )  recomnended t o  the CETF a packaging volume of 26.4%. Table 16 
shows the q u a n t i t i e s ,  weights, volumes including 15% packaging (MSFC 
volume), volumes including 26.4% packaging (Martin Marietta recommended 
volume t o  C E T F ) ,  and power requirements for  the waste management equipment 
and a portion of the water recovery management equipment. The waste 
management equipment candidates a re  urine co l lec t ion ,  fecal col lect ion and 
Processing, t r a s h  col lect ion and processing, and general housekeeping. The 
water recovery management equipment candidates a re  urine processing, urine 
processi ng control ler , hygiene water processing , hygiene processing 
c o n t r o l l e r ,  water thermal conditioning, and common module service.  The 
candidate H A B  module equipment was selected by the CETF because the 
consensus of the CETF was t h a t  only non-l i fe-cr i t ical  ECLSS equipment should 
be considered as  candidates for  packaging. EPS i s  a l so  required i n  this 
candidate pa c kage . 
Martin Marietta 
HA6 Equipment Moved t o  Node 4 
shown i n  Table 17. Although hygiene water processing, the hygiene water 
processing c o n t r o l l e r ,  water thermal conditioning, and the  comnon module 
service are l i s t e d  as candidates, they have not been considered for  
packaging i n t o  node 4. T h i s  equipment was not considered because the common 
module serv ice ,  which i s  too large t o  f i t  into a rack, wil l  remain i n  the 
H A B  module. Long l ines  of pipe r u n n i n g  from the HAB moaule t o  node 4 are  
then required t o  process waste water if  the hygiene water 
processing/controller and the  water thermal conditioning are  moved t o  
node 4. 
3 processing cont ro l le r .  
(45.5 cu. f t . ) .  T h e  contents i n  rack 2 are  EPS and fecal  collection and 
processing w i t h  a t o t a l  volume of 1.07 m ( 3 7 . 7  cu. f t . ) .  Rack 3 includes 
t rash  co l lec t ion  and processing and general housekeeping; this equipment 
occupies a t o t a l  volume of 0.88 m (31.3 cu. f t . ) .  Rack 4 is  vacant and can 
The candidate HAB module equipment used for  packaging in to  node 4 is 
Rack 1 contains urine col lect ion,  urine processing, and the urine 




be used t o  package portions of the water recovery management equipment i f  
needed. 
Nodes Pac kag i ng Results 
The ana lys i s  based on equipment volume shows t h a t  i t  is poss ib le  t o  
move a l l  the candidate external  equipment and some of the non- l i fe -cr i t i ca l  
ECLSS HAB module equipment (urine co l l ec t ion ,  urine processing, urine 
processing c o n t r o l l e r ,  fecal  co l lec t ion  and processing, t r a sh  co l lec t ion  and 
processing, general housekeeping, and EPS) in to  pressurized nodes. The 
t o t a l  volume of the candidate external equipment t h a t  can be moved t o  node 3 
i s  3.77 m3 (133 cu. f t . ) .  The non- l i fe -cr i t i ca l  ECLSS HAB module equipment 
candidates t h a t  can be moved t o  node 4 occupy 3.23 m (114.5 cu. f t . ) ,  
volume t h a t  wi l l  then be free i n  the H A B  module. I f  the hygiene water 
processing, the hygiene water processing cont ro l le r  , and the  water thermal 
conditioning a re  considered for  re locat ion in to  node 4 ,  then an addi t ional  
volume of 0.65 m (23  cu. f t . )  can be off-loaded from the HUB module. 
3 
3 
ANALYSIS OF KEEL REMOVAL EFFECTS ON STATION STRUCTURAL DYNAMICS 
As part  o f  d more comprehensive ana lys i s  performed by the  Spacecraft 
Analysis Branch, the e f f ec t s  of removing the keel s t r u c t u r e  from the Dual 
Keel Space Stat ion on the s t ruc tu ra l  dynamics of the  Stat ion and the 
in te rac t ion  of the removal w i t h  the on-board a t t i t u d e  control system have 
been examined. The e f f e c t s  of u s i n g  e i t h e r  the 5-meter bay e rec t ab le  truss 
or  the  9-foot bay deployable truss have a l so  been examined. 
i l l u s t r a t e s  the two concepts. The f i r s t  concept is the reference CETF Dual 
Keel configuration w i t h  several attached payloads and experiments. The 
second concept is the  f i r s t  concept without t h e  dual keel. 
were attached t o  the upper and lower sect ions of the keel i n  the f i r s t  
concept are re located t o  points along the t ransverse boom i n  the second 
concept. 
w i t h  the exception of the t e t h e r  and the large antenna. These l a t t e r  items 
were eliminated i n  the  second concept because o f  attachment cons t ra in ts .  
The two Stat ion configurations have been modeled u s i n g  finite-element 
methods (Reference 7 )  i n  which a l inear ized  s t ruc tu ra l  model is created.  
The mode shapes and frequencies a r e  determined from the eigenvectors and 
eigenvalues of t he  finite-element model. An analogous beam imdel has a l so  
been used to  represent t he  truss s t ruc tu re ;  lumped masses w i t h  appropriate 
i ne r t id  propert ies  were included t o  represent the various attached payloads. 
The beam model has ident ica l  mass and s t i f f n e s s  cha rac t e r i s t i c s  (both 
bending and to r s ion )  as those fo r  the dctual truss s t ruc tu re .  Structural  
modeling of this type allows for  a la rge  reduction i n  computational time 
while s t i l l  providing ana ly t ica l  i n t eg r i ty  of the results. The physical and 
material propert ies  used for  both the 5-meter bay and the 9-foot bay trusses 
a re  shown i n  Figure 7.  
The natural  frequencies and a descr ipt ion of the mode shapes fo r  both 
s t ruc tu ra l  configurations and the two types of t r u s s  s t ruc tu res  are  a lso 
shown i n  Figure 7 .  To provide a more d i r e c t  comparison between models, the 
modes involving primarily so la r  array motion a r e  not presented. 
Figure 7 
Payloads t h a t  
Therefore, the same payloads are carr ied by both configurat ions 
As shown i n  
14 
the r e s u l t s ,  the absence of the keel s t ruc tu re  does not dramatical ly  
decrease the natural  frequencies of the s t ruc tu re .  
two modes, which a re  bending modes of the t ransverse boom, t h e  frequencies 
decrease by no more than 4 percent. The frequencies of modes involving 
t ransverse boom twistiny increase s ign i f i can t ly  when the  keel is  removed. 
T h i s  i s  due  t o  the elimination of the additional o f f - se t  mass and i n e r t i a  
t h a t  the keel and keel-attached payloads provide, thereby allowing the 
s t ruc tu re  t o  twist more f ree ly .  
S ta t ion  results i n  natural  frequencies t h a t  a re  s l i g h t l y  l e s s  than one half 
those fo r  the 5-meter bay truss. Structural  frequencies a r e  of concern 
because i f  they a re  low enough, they can in t e rac t  w i t h  the control system 
bandwidth o f  t he  Stat ion.  The estimated bandwidth of the Space Stat ion 
control system i s  0.01 Hz. Therefore, a separation of the  fundamental 
frequency and the control system is present even for  the case of the 9-foot 
bay truss. The low frequency, however, results i n  l a rger  s t ruc tu ra l  
vibrat ional  amplitudes. 
In the case of the f i r s t  
The use of the 9-foot bay truss a s  the main s t ruc tu ra l  element of the 
SUMMARY 
A design and assembly sequence ana lys i s  was conducted on Option 3 of 
the Dual Keel Space Stat ion configuration examined by a NASA C r i t i c a l  
Evaluation Task Force (CETF). The purpose of the study was t o  e s t ab l i sh  the 
v i a b i l i t y  of several  var ia t ions of Option 3. 
The assembly phasing analysis  showed tha t  use of an ELV i n  place of the 
STS can acce lera te  the  b u i l d u p  of the Stat ion and ease the STS launch r a t e  
cons t ra in ts .  The study also showed tha t  use of an OMV on the f i r s t  f l i g h t  
can s i g n i f i c a n t l y  benefi t  the Stat ion assembly and, by performing Sta t ion  
subsystem functions,  can a1 l ev ia t e  the need for  operational control and 
reboost systems d u r i n y  t he  ea r ly  f l i g h t s .  
s t a b i l i t y  and cont ro l ,  o rb i t a l  l i f e t ime ,  and reboost propel lant  requirements 
for  each sequence, and analyzed node-packaging options and the e f f ec t s  of 
keel removal on the  s t ructural  dynamics o f  t h e  Stat ion.  Resul ts  o f  these 
andlyses include: 
1. Angular momentum requirements fo r  d t t i t u d e  control fo r  each 
sequen ce. 
2. Decay time from various a l t i t u d e s  t o  rendezvous d l t i t u d e  and 
remaining l i fe t ime without reboost. 
3. Reboost propellant requirements for  each sequence. 
4. Movement of external equipment in to  pressurized nodes to  reduce 
EVA time. 
5. Movement of  non- l i fe -cr i t i ca l  HAB module equipment in to  
pressurized volume t o  provide health advantages t o  the crew. 
6. Natural frequencies of the reference space s t a t i o n  a r e  
not d r a s t i c a l l y  affected w i t h  removal of the  dual keel. 
In  addi t ion t o  launch and assembly sequencing, the study assessed 
For each sequence and individual f l i g h t  examined herein, addi t ional  
l a t i t u d e  i s  ava i l ab le  fo r  other  modifications t o  improve performance such as  
relaxing l o g i s t i c s  requirements (e.g., globdl cons t ra in ts  l i k e  the  5-degree 
trim angle r e s t r i c t i o n ) ,  re loca t ing  payloads t o  improve mass balance, and 
refining the  assembly a l t i t u d e s .  Undoubtedly, a l l  these aspects  will be 
15 
reexamined and r e f i n e d  as a p a r t  o f  the  upcoming Phase C and D Space S t a t i o n  
e f f o r t s .  
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The launch manifests f o r  sequences 2 through 5 are presented i n  t h i s  
appendix w i t h  the  payload descr ip t ion  (components and mass) f o r  each f l i g h t .  
A b r i e f  descript ion o f  the  tasks t o  be performed during rendezvous i s  
i n c l  uded. 
Fl ight  Manifest 
Sequence 2 (Option 38,  Version 1) 
Flight l / E L V - l  
Aft por t  ldrge node 
Mass 
l b .  kcl 
9,660 4 , 386 
Afc stdrboard la rge  node 9,449 4 , 290 
Airlock 6,811 3,092 
Dockiny dddptor 1,100 49 9 
CMG package 3,464 1,573 
FSE & m d r y i n  1,516 6811 
TOTAL 32,000 14,528 
ELV TITAN 4 (Z i lO-nmi  c i r c u l a r  o r b i t )  
F1 i y h t  Activity:  
2/STS-1. 
w i l l  De dssemoled on f l i g h t  2. 
Pdylodd wi l l  De pdrked i n  d 22U-nmi o r b i t  f o r  rendezvous w i t h  f l i y n t  
T h e  equipment wi l l  be stored/attached t o  the t ransverse boom which 
4.6 
Mass F1 ight 2/STS-1 
Pressur ized module 
Starboard t ransverse boom (10 bdys) 
U t i l i t i e s  (7 bays) 
Starboard r a d i a t o r  
RMS a t tach  s t r u c t u r e  
3 RZS modules 
Antennas and dntenna package 
FSE ((I margin 
TO TAL 
STS (220-nmi c i r c u l a r  o r b i t  I 





















Dock w i t h  f l i g h t  1 payload v i a  docking device. Assemble stdrboard 
t ransverse boom - s t a r t  w i t h  t h e  pressur ized module equipnent bay and work 
toward whdt w i l l  be the center of t h e  s t a t i o n ,  a t tach ing  equipment a t  
appropr ia te  po in ts  d u r i n g  the  assembly process. Connect and conf igure  
f l i g h t  1 payload t o  t rdnsverse boom. At tdch STS RMS arm t o  s t a t i o n .  
47 
F1 ight  3/STS-2 
Pressurized module 
Port t ransverse boom 10 Days 
Ut i l i t i es  10 bays 
Port rad ia tor  
RMS a t t ach  s t ruc tu re  
1 RCS module 
FMAD tankage 





1,169 53 1 
6,170 2,800 
4,4d7 2,001 




33 , 766 15,330 
STS (220-nmi c i r cu la r  o r b i t )  
F1 i y h t  Act i v i  ty:  
resume construction and work toward port pressurized module, a t taching 
equipment ar. appropridte points during the  assembly process. Attdch STS WS 
arm t o  s t a t ion .  
Dock w i t h  s t a t i o n  v i a  docKing device. Assemble port  t ransverse  boom - 
Flight 4 onward (same as Option 3 )  
F1 ight Manifest 
Sequence 3 (Opt ion 38, Version 3 )  
F1 ight  1/STS-1 Mass 
OMV ( f u l l y  loaded) 
Pressur ized module 
Starboard t ransverse boom 




RCS r d d i a t o r  assembly 
TC S 
SIA 
FSE & margin 
TOTAL 
STS (150-nmi c i r c u l a r  o r b i t )  
F1 i g h t  a c t i v i t y :  


























Assemble s tarboard t ransverse boom - s t d r t  w i t h  pressur ized module 
equipnent bay and work toward what w i l l  be the center  o f  the  s t a t i o n ,  
a t tach ing  equipment a t  appropr ia te p o i n t s  dur iny  t h e  dssembly process. OMV 
w i l l  be at tached t o  the  end o f  the  t ransverse boom by t h e  pressur ized 
module. Reboost s t a t i o n  so t h a t  next  f l i g n t  rendezvous w i l l  be a t  150 nmi. 
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Mass F1 ight 2lSTS-2 
Pressur ized module 
Por t  t ransverse boom 




TC S r a d  i a t o  r as s em b l  y 
TC S 
6 CMG's 
External  GN&C equipment 
S I A  
P I A  
P ay 1 o ad 

















STS (150-nmi c i r c u l a r  o r b i t )  


















Dock w i t n  s t a t i o n  ( f l i g h t  1) v i a  docking device.  Assemble p o r t  
t ransverse boom - resune cons t ruc t ion  and w r k  toward the  p o r t  pressur ized 
module, a t tach ing  equipment a t  dppropr id te po in ts  du r ing  t h e  assembly 
process. Reboost s t a t i o n  t o  150-nmi p lus 90-days a l t i t u d e .  
50 
F1 ight 3lSTS-3 
A f t  s ta rboard  l a r g e  node 
A f t  p o r t  l a r g e  node 
2 docking adaptors 
Serv i c ing  f a c i l i t y  hardware 
w/OMV accommoddtions 
Standard a i r l o c k  
Cupola 
FSE & margin 
TOTAL 
STS (150-nmi c i r c u l a r  o r b i t )  
F1 i g h t  Ac t1  v i  ty: 
Mass 









Dock w i t h  s t d t i o n .  A t tach  payload equipment t o  app rop r ia te  po in ts  on 
the  s t a t i o n .  Reboost s t a t i o n  t o  150-nmi p lus  90-days a l t i t u d e .  
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F l i g h t  4/ELV-1 
Lab module minus offloads 
FSE & margin 
TOTAL 




1,000 45 4 
35,000 15,890 
- 
F1 ight activity: 
OMV retrieves flight 4 packdye dnd docks with the station. 
F1 i g h t  WSTS-4 
Forward starbodrd node 
Forward port node 
C ERV 
Lab module offloads 
FSE & margin 
TOTAL 
Mass 







STS (150-nmi circular orbit ) 
F1 ight Activity: 
stdtion at the appropriate points. 
150-nmi plus 90-days altitude. 
Dock with station. Attach equipment from fliyhts 4 and 5 to the 
Install lab module offloads. Reboost to 
Stdtion is now in d man-tended condition. 
52 
F1 ight 6/ELV-2 
HAB module minus o f f l o a d s  
FSE 1(1 margin 
TOTAL 
T i t a n  4 (150-nmi c i r c u l a r  o r b i t )  
F l i g h t  a c t i v i t y :  
OMV r e t r i e v e s  and docks w i t h  s t a t i o n .  
F1 ight 7/STS-5 
Crew o f  4 
Log module 
90-day supply 
Sk ip  c y c l e  supply 
HAB module o u t f i t t i n g  
FSE 1(1 margin 
TOTAL 
STS (150-nmi c i r c u l a r  o r b i t )  
F1 i g h t  a c t  i v i  ty: 
Mass 





















Dock w i t h  s t a t i o n .  A t tach  payloads f rom f l i g h t s  6 and 7 to s t a t i o n .  
Transfer  crew. F i n a l  c k c k o u t  o f  s t a t i o n  f u n c t i o n  before STS leaves. 
Reboost t o  ope ra t i ona l  a l t i t u d e ,  S t a t i o n  i s  permanently manned. 
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Fl ight  Uanifest 
Sequence 4 (Option 3B, Version X )  
F1 ight l/ELV-l Moss 
Aft port  large node 
Aft s tarboard la rge  node 
Airlock 
2 docking adapters 
OMV (smart section) 
FSE & margin 
TOTAL 
















ELV T i t d n  4 (i50-nmi c i r c u l a r  o r b i t )  
F1 i g h t  ac t iv i ty :  
Payload wil l  be parked i n  a 150-nmi o r b i t  f o r  rendezvous w i t h  f l i g h t  2. 
The equipment wi l l  be s tored attached t o  the t ransverse  boom. 
t ransverse boom wil l  be assembled on f l i g h t  2. T h e  smdrt sect ion o f  the  OMV 
wi l l  be used fo r  a t t i t ude  control  of the payload once released from the 
T i  tan. 
The 
54 
F1 ight LISTS-1 
OMV (remaining) 
OMV accomnoddt i ons 
Pressur ized module 
Starboard t ransverse boom 
and associated masses 
Starboard r a d i a t o r  
S I A  
P I A  
GN&C 
Lower boom antennas 
Upper boom antennas 
FSE & margin 
TO TAL 
Mass 
l b .  kg 
8,200 3,723 




40 9 186 
1,060 48 1 
3,760 1,707 
60 7 276 
60 7 27 6 
6,619 3,005 
39,641 17,998 
STS (150-nmi c i r c u l a r  o r b i t )  
F l i g h t  a c t i v i t y :  
Dock w i t h  f l i g h t  1 pdyload v i a  dockiny device. Assemble stdrboard 
OMV w i l l  be at tached t o  the 
t ransverse boom - s t a r t  w i t h  the  pressur ized module e q u i p m n t  bay and work 
toward whdt w i l l  be t h e  center o f  the s t a t i o n ,  a t tach iny  equipment d t  
appropr ia te po in ts  d u r i n g  t h e  assembly process. 
end o f  t h e  t rdnsverse boom by t h e  pressur ized module. Reboost s t a t i o n  so 
t h a t  next f l i g h t  rendezvous w i l l  be a t  150 nmi. 
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F1 ight 3/STS-2 
Pressurized module 
Port transverse boom 
and associated masses 
Port radiator 
4 RCS modules 
Servicing facility hardware 
and misc. payloads 
FSE & margin 
TO TAL 








7,180 3 , 260 
3,374 1,532 
37 , 113 16,849 
Dock with station via docking device. Assemble port transverse boom - 
resume construction and work toward the port pressurized module, attaching 
equipment and flight 1 hardware at appropridte points during the assembly 
process. Reboost station to 150-nmi plus 90-days altitude. 
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F1 l g h t  4/STS-3 
Lab module minus o f f l o a d s  
FSE & margin 
TOTAL 
STS (150-nmi c i r c u l a r  o r b i t )  
F1 i g h t  A c t i v i t y :  
Dock w i t h  s t a t i o n  mil a t t a c n  LAB module t o  the  s t a t i o n .  Reboost t o  
170-nmi p lus  90 days a l t i t u d e .  
F l i g h t  5/ELV-2 
2 forward nodes 
CERV 
Cupola 
Lab module o f f l o a d s  
FSE & margin 
TOTAL 
ELV T i t a n  4 (170-nmi c i r c u l a r  o r b i t  
F1 i g h t  a c t i v i t y :  
OMV r e t r i e v e s  f l i g h t  5 package 
Mass 





l b .  kY 
17,500 7,945 
6,000 2,724 




and docks w i t h  the s t a t i o n .  
F1 i g h t  6lSTS-4 
HAB Module minus o f f loads  
FSE & margin 
TO TAL 
Mass 
l b .  kg 
35,552 16,141 
1,778 80 7 
37,330 16,948 
STS (170-nmi c i r c u l a r  o r b i t )  
F1 igh t  a c t i v i t y :  
from f l i g h t  5 t o  appropriate points. 
brings OMV back t o  ground fo r  servicing.  
a1 t i  tude. 
Dock w i t h  s t a t i o n  and a t t ach  HAB module t o  the s t a t i o n .  Attach payload 
STS I n s t a l l  LAB module off loads.  
Reboost t o  180-nmi p l u s  90-days 
F1 i g h t  7lSTS-5 Mass 
Crew (4 members) 
90-day supply 
Skip cyc le  supply 
Misc. user payload 
Logis t ics  module 
FSE & margin 
TO TAL 













5 , 568 
1,495 
16,448 
STS (i80-nmi c i r c u l a r  o r b i t )  
F1 igh t  a c t i v i t y :  
Dock w i t n  s t d t i o n .  Attdch payload t o  s t a t i o n .  Transfer crew. F i n d l  
checkout of s t a t i o n  funct ion before STS leaves.  
a l t i t u d e .  S ta t ion  i s  permdnently mdnned. 
Reboost t o  operational 
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F1 i g h t  Manifest 
Sequence 5 (Option 3 Using OMV) 
Fl fght 1/STS-1 
OMV ( f u l l y  loaded) 
Pressurized module 
Starboard transverse boom 
Port  trdnsverse boom 
Ere c to  r set 
Docki ny adaptor 
FSE & margin 
TO TAL 
Mass 






1, A00 49 9 
4,317 1,961 
43,630 19,808 
STS (150-nmi c i r cu la r  o r b i t )  
F1 ight  a c t  i v i  ty :  
Assemble stdrboard dnd port  t ransverse booms - s t a r t  w i t h  the  
pressurized module equipment bay ixld wrK toward what wi l l  be the center of 
tne s t a t i o n  and t h e n  toward t h e  end  where t h e  o ther  pressurized module 
(brought u p  on the following f l i g h t )  wi l l  be a t t ached ,  a t tach ing  equipment 
a t  dppropriate points d u r i n g  t h e  assembly process. OMV w i l l  be attached t o  
the end o f  the transverse boom by the pressurized module. Reboost s t a t i o n  
so t h d t  next f l  i y h t  rendezvous wil l  be a t  150 nmi . 
F I  i g h t  2/STS-2 
Pressur ized module 
Por t  radiar;or 1(1 HR b T 
Starboard r a d i a t o r  & HR & T 
Antennas (2  pods) 
L i t t l e  red wagon 
4 RCS modules 
S t r i n g e r  & r e s i s t o  j e t  
FSE & mdrgin 
TOTAL 
STS (150-nmi c i r c u l a r  o r b i t  1 
F1 i y h t  a c t i v i t y :  
Mass 









40,626 18 , 444 
Dock w i t h  s t a t i o n  ( f l i g h t  1) v i a  docking devices. At tach pressur ized 
m d u l e  t o  s t r u c t u r e  of f l i g h t  1. At tach o the r  equipnent a t  appropr ia te 
p o i n t s  on s t r u c t u r e .  Reboost s t a t i o n  t o  190-nmi p lus  90-days a l t i t u d e .  
60 
F1 ight 3/STS-3 
A f t  s tarboard l a r g e  node 
A f t  p o r t  l a r g e  node 
GN &C 
Antennas 
Lab module o f f l o a d s  
Docking adaptor 
S e r v i c i n g  f a c i  1 i t y  nardware 
FSE 81 margin 
TOTAL 
Mass 










STS (190-nmi c i r c u l a r  o r b i t )  
F1 i g h t  a c t  i v i  ty: 
Dock w i t h  s t a t i o n .  At tdch payload equipment t o  appropr ia te  po in ts  on 
t h e  s t a t i o n .  Reboost s t a t i o n  t o  190-nmi p lus 90-days a l t i t u d e .  
F1 lght  4/STS-4 Mass 
lb .  kg 
LAB module minus o f f l o a d s  34,000 15,436 
FSE & margin 
TO TAL 
1,000 45 4 
35,000 15,890 
STS (190-nmi c i r c u l a r  o r b i t )  
F1 i g h t  a c t i v i t y :  
Dock w i t h  s t a t i o n  and a t t a c n  LAB module t o  t h e  s t a t i o n .  Reboost t o  




FSE & margin 
TO TAL 
Mass 
l b .  kg 
34,000 15,436 
1,000 45 4 
35 ,ouo 15,890 
STS (190-nmi c i r c u l a r  o r b i t )  
F1 i g h t  a c t i v i t y  : 
190-nmi p lus 90-days a1 t i  tude. 
Dock w i t h  s t d t i o n  and a t t d c h  HAB module t o  the  s t a t i o n .  Reboost t o  
F l i g h t  61STS-6 
2 forward nodes 
CERV 
Cupola 
St ructures & arm 
FSE & margin 
TOTAL 
STS (i90-nmi c i r c u l a r  o r b i t )  
Mass 
l b .  kg 
22,068 10,019 
6,000 2,724 
1,600 7 26 
2 , 200 999 
4,762 2,162 
36,630 16,630 
F1 i g h t  a c t i v i t y :  
po ints .  
Dock rJ i th  s t a t i o n .  A t tach  equipment t o  the  s t a t i o n  a t  the  appropr ia te 
Reboost t o  190-nmi plus 90-days a l t i t u d e .  
F1 f Qht 7/STS-7 Mass 
lb .  Kg 
2 crew (other  2 crewmen will be 900 409 
part of 5 person f l i g h t  crew; 
only 3 people return from 
f l i g h t  this time.) 
LOG module 11,452 5,199 
90-day supply 10,280 4,667 
S k i p  cycle supply 5,610 2,547 
Airlock 4 * 430 2,011 
FSE 41 maryin 
TOTAL 
2,658 1,207 
35 330 16,040 
STS (190-nmi c i r c u l a r  o r b i t )  
F l  i g h t  a c t  i v i  ty: 
checkout of s t a t i o n  funct ion before STS leaves. 
a l t i t u d e .  Stat ion i s  permanently manned. 
Dock w i t h  s t a t i o n .  Attach payload t o  s ta t ion .  Transfer crew. Final 
Reboost t o  operational 
63 
APPENDIX 8 
Appendix E presents f igures  o f  the  assembly sequences f o r  the four 
versions of Option 3 t h a t  were examined i n  the study (sequences 2-5) .  The 
ELV f l i g h t s  a r e  not shown, w i th  the  exception o f  f l i g h t  1, sequence 2 
(Option 38, Version l ) ,  which i s  presented t o  i l l u s t r a t e  the type of  payload 
configurat ion t o  be c a r r i e d  on the  ELV. 
65 
(a) ELV Payload Confiqutation 
(b) System after Fliqht 2 
( c )  System after Fliqht 3 
Figure B1. Assembly Sequence 2 
56 
(a )  System a f t e r  F l i g h t  2 
(b) System a f t e r  F l i g h t  3 
(c )  System after F l i q h t  4 
Figure 83. Assembly Sequence 4 
( d )  System after F l i q h t  5 
( e )  System after  F l i q h t  7 





(a) System a f t e r  Fl€qht  2 
(b) System af ter  Flight 3 
( c )  System after Fl ight  4 
Fiqure 63. Assembly Sequence 4 
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(d) System a f t e r  Fl ight  6 
( e )  System a f t e r  Fliqht 7 
Fiqure 83. Assembly Sequence 4 (Concluded) 
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4 Y  
t z  
r 
( a )  System a f t e r  F l i g h t  1 
( b )  System a f t e r  F l iqht  2 
( c )  System after F l i g h t  3 
( d )  System after F l i q h t  4 
Figure EN. Assembly Sequence 5 
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c 
(e )  System af ter  F l l g h t  5 
( f )  System a f t e r  F l i q h t  6 
(9) System a f t e r  F l ight  7 
Figure 84. Assembly Sequence 5 (Concluded) 
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APPENDIX C 
Appendix C presents  t h e  o r b i t a l  decay p r o f i l e s  f o r  var ious  i n i t i a l  
a l t i t u d e s  and b a l l i s t i c  c o e f f i c i e n t s .  The a l t i t u d e s  range from 150 t o  250 
nmi w i t h  b a l l i s t i c  c o e f f i c i e n t s  o f  20,  50,  and 100 kg/m . P r o f i l e s  were 
generated for  both a nominal and a 2-sigma atmosphere. The d a t e  used for 
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